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ELECTROHYDRAULIC VALVE
CALIBRATION SYSTEM AND METHOD

FIELD OF TH.

L1

DISCLOSURE

The present disclosure relates to the calibration of an
clectrohydraulic valve, and more particularly to calibration
ol a valve control current controlling an orifice size through
an electrohydraulic valve.

BACKGROUND

In an electrohydraulic (EH) system, an electronically
controlled valve 1s typically designed to have a certain
current control characteristic. In other words, the current that
1s driven to the valve control solenoid will etther directly or
indirectly displace the valve spool. The spool may require a
certain minimum amount of displacement before 1t enters 1ts
metering range, which 1s the range at which fluid starts to
flow across the valve. This spool displacement, and the
current required to get this displacement, are often designed
to occur at a specific point. However, due to manufacturing,
tolerances, the imprecision of this “start of flow™ or “crack-
ing”” point may not be adequate for a particular application.

The area of the opening or orifice allowing the flow of
fluid through an electrohydraulic valve 1s controlled by a
valve current. An electrohydraulic valve has a current depen-
dent metering range between a cracking current and a
saturation current. The cracking current 1s the valve current
value at which the valve orifice 1s very slightly open
allowing a very small tlow of fluid through the valve. The
saturation current 1s the valve current value at which the
valve orifice 1s fully open allowing the maximum flow of
fluid through the valve. The valve current control charac-
teristic relating valve current to valve orifice size over the
metering range 1s usually well characterized. A supplier
valve current control characteristic 1s typically provided
with a valve by the supplier. The supplier valve current
control characteristic 1s usually accurate in shape but often
needs to be oflset to account for variances between valves,
for example manufacturing variations, machining toler-
ances, etc., and impacts of valve environments.

A valve calibration routine can be implemented to esti-
mate a start of flow point or cracking point to use as an oflset
for the supplier valve current control characteristic. One
method 1nvolves a system with a load sensing hydraulic
pump where the valve start of flow point can be determined
by observing the pump output pressure while the hydraulic
tfunction downstream of the valve 1s 1n a stalled condition. In
this scenario, the cracking of the valve induces a load sense
signal that drives the pump up to pressure. However, this
method cannot be used for calibration 1n an electrohydraulic
system using a pump with an electromically controlled
displacement. The cracking point and cracking current to
produce this “start of flow” point 1s also very sensitive to
manufacturing variations, machining tolerances, flud tem-
peratures, tlow forces and various other factors.

It would be desirable to have a valve calibration system
and method to calibrate an electrohydraulic valve that has
greater stability and repeatability, and that can also be used
tor pumps with electronically controlled displacement.

SUMMARY

A calibration method 1s disclosed for an electrohydraulic
valve 1n an electrohydraulic system driven by a pump, where
the electrohydraulic valve has an upstream side between the
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pump and the electrohydraulic valve and a downstream side
on the opposite side of the electrohydraulic valve from the
pump. A valve control current controls an orifice size
through the electrohydraulic valve connecting the upstream
side with the downstream side. The calibration method
includes opening the electrohydraulic valve, stalling the
clectrohydraulic system to prevent volume changes 1n the
clectrohydraulic system during calibration, closing the elec-
trohydraulic valve with the upstream and downstream sides
of the electrohydraulic valve substantially equalized at an
equalization pressure, 1increasing pressure on the upstream
side of the electrohydraulic valve to an increased pressure
using the pump, and finding a calibration valve control
current that provides a calibration orifice size through the
clectrohydraulic valve by monitoring pressure on the down-
stream side of the electrohydraulic valve. The increased
pressure on the upstream side of the electrohydraulic valve
alter the valve 1s closed i1s greater than the equalization
pressure on the downstream side of the valve. The pump can
have an electronically controlled displacement.

Finding a calibration valve control current can include
initializing a step current to an initial current value, setting
the valve control current for the electrohydraulic valve to the
step current for a step duration, sensing pressure on the
downstream side of the electrohydraulic valve after setting
the valve control current to the step current for the step
duration, and calculating a step orifice size through the
clectrohydraulic valve based on the sensed pressure on the
downstream side of the electro hydraulic valve. If the
calculated step orifice size 1s less than the calibration orifice
s1ze, then increasing the step current by a current increment
and repeating the setting, sensing and calculating steps for
the increased step current. If the calculated step orifice size
1s greater than or equal to the calibration orifice size, then
using the step current as the calibration valve control cur-
rent. The electrohydraulic valve 1s closed when the valve
control current equals the 1mitial current value. Calculating a
step orifice size based on the sensed pressure on the down-
stream side of the electrohydraulic valve can include deter-
mining a flow rate through the electrohydraulic valve based
on the difference 1n sensed pressure on the downstream side
of the electrohydraulic valve before and after setting the
valve control current to the step current for the step duration,
and determining the step orifice size of the electrohydraulic
valve for the step current using the determined flow rate
through the electrohydraulic valve and the compressibility
of the fluid 1n the electrohydraulic system.

The electrohydraulic valve can have a valve current
control characteristic relating the valve control current to the
orifice size through the electrohydraulic valve. The calibra-
tion method can also include calculating a table oflset for the
valve current control characteristic based on the calibration
valve control current that provides the calibration orifice
s1ize. Calculating a table ofiset for the valve current control
characteristic can include using the valve current control
characteristic to determine a table current entry for the valve
control current that provides the calibration orifice size, and
computing the table oflset as the difference between the table
current entry and the calibration valve control current. The
calibration orifice size can be selected to reduce manufac-
turing tolerance impacts on the calibration method.

The flow rate through the electrohydraulic valve can be
greater than zero for at least one step current before increas-
ing the step current to the calibration valve control current.
The calibration method can also include selecting the 1nitial
current value and the step duration to maintain a pressure
difference between the upstream side and the downstream
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side of the electrohydraulic valve when the calculated step
orifice size 1s greater than or equal to the calibration orifice
S1ZE.

Finding a calibration valve control current can include
performing a coarse calibration and then performing a finer
calibration. Performing a coarse calibration can include
starting at an 1nitial coarse current value and using a coarse
current increment to find a coarse control current estimate.
Performing a finer calibration can include starting at an
initial finer current value and using a finer current increment
to find the control current estimate. The 1mitial finer current
value can be selected based on the coarse control current
estimate, and the finer current increment can be less than the
coarse current increment. The electrohydraulic valve can be
closed when the valve control current equals the mitial
coarse current value.

Performing a coarse calibration can further include 1ni-
tializing the valve control current to the 1imitial coarse current
value, applying the valve control current to the electrohy-
draulic valve for a coarse step duration, sensing pressure on
the downstream side of the electrohydraulic valve after
applying the valve control current for the coarse step dura-
tion, and calculating a step orifice size through the electro-
hydraulic valve based on the sensed pressure on the down-
stream side of the electrohydraulic valve. If the calculated
step orifice size 1s less than the calibration orifice size, then
the coarse calibration can also include increasing the valve
control current by the coarse current increment and repeat-
ing the applying, sensing and calculating steps of the coarse
calibration for the increased valve control current. If the
calculated step orifice size 1s greater than or equal to the
calibration orifice size, then the coarse calibration can also
include setting the coarse control current estimate to the
valve control current.

Performing a finer calibration can further include initial-
1zing the valve control current to the coarse control current
estimate minus a current oflset, applying the valve control
current to the electrohydraulic valve for a finer step duration,
sensing pressure on the downstream side of the electrohy-
draulic valve after applying the valve control current for the
finer step duration, and calculating the step ornfice size
through the electrohydraulic valve based on the sensed
pressure on the downstream side of the electrohydraulic
valve. If the calculated step orifice size 1s less than the
calibration orifice size, then the finer calibration can also
include increasing the valve control current by the finer
current increment and repeating the applying, sensing and
calculating steps of the finer calibration for the increased
valve control current. If the calculated step orifice size 1s
greater than or equal to the calibration orifice size, then the
finer calibration can also include setting the control current
estimate to the valve control current.

The coarse current increment can be at least double the
finer current increment. After performing the coarse current
calibration and before performing the finer current calibra-
tion, the calibration method can further include equalizing
pressures on the upstream and downstream sides of the
clectrohydraulic valve at the equalization pressure, closing
the valve with the upstream and downstream pressures
equalized at the equalization pressure, and increasing pres-
sure on the upstream side of the electrohydraulic valve to the
increased pressure using the pump.

An electrohydraulic valve calibration system 1s disclosed
that includes an electrohydraulic valve, a pump, a hydraulic
actuator, upstream and downstream pressure sensors and a
controller. The electrohydraulic valve has a variable size
orifice. The orifice size through the electrohydraulic valve 1s
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controlled by a valve control current. Fluid flows through the
variable size orifice between an upstream side and a down-
stream side of the electrohydraulic valve. The pump i1s on the
upstream side of the electrohydraulic valve. The hydraulic
actuator 1s on the downstream side of the electrohydraulic
valve. The pump pumps fluid from the upstream side
through the electrohydraulic valve to the downstream side.
The upstream pressure sensor senses an upstream fluid
pressure on the upstream side of the electrohydraulic valve.
The downstream pressure sensor senses a downstream tluid
pressure on the downstream side of the electrohydraulic
valve. The controller opens the electrohydraulic valve, stalls
the hydraulic actuator and then closes the electrohydraulic
valve with the upstream and downstream fluid pressures at
an equalization pressure. The controller then activates the
pump to icrease the upstream fluid pressure to an increased
pressure, and finds a calibration valve control current that
provides a calibration orifice size through the electrohydrau-
lic valve by monitoring the downstream fluid pressure. The
pump can have an electronically controlled displacement.

The controller can sequentially step through a series of
increasing valve control currents until the calibration valve
control current 1s determined. At each step in the series of
increasing valve control currents, the controller can sense
the downstream fluid pressure and calculate a step orifice
s1ze through the electrohydraulic valve based on the sensed
downstream pressure. The controller can determine the
calibration valve control current based on the valve control
current of the step where the calculated step orifice size 1s
greater than or equal to the calibration orifice size. The
controller can calculate a flow rate through the electrohy-
draulic valve based on a change in the sensed downstream
fluid pressure before and after each step in the series of
increasing valve control currents, and calculate the step
orifice size using the calculated tlow rate through the elec-
trohydraulic valve and a compressibility of the flmd. A valve
current control characteristic relating the valve control cur-
rent to the orifice size through the electrohydraulic valve can
also be used. The controller can calculate a current oflset for
the valve current control characteristic based on the calibra-
tion valve control current and the calibration orifice size.
The current offset can be calculated as the difference
between a table current entry in the valve current control
characteristic for the valve control current that provides the
calibration orifice size and the calibration valve control
current.

The controller can start at an 1nitial coarse valve control
current and sequentially step through a series of increasing
valve control currents at a coarse current increment until a
coarse valve control current estimate 1s determined, and then
start at an 1nitial finer valve control current and sequentially
step through a series of increasing valve control currents at
a finer current increment until the calibration valve control
current estimate 1s determined. The finer current increment
can be less than the coarse current increment, and the 1nitial
finer valve control current can be determined based on the
coarse valve control current estimate. At each step in the
series of increasing valve control currents, the controller can
sense the downstream fluid pressure and calculate a step
orifice size through the electrohydraulic valve based on the
sensed downstream pressure, and the controller can stop the
sequential steps when the calculated step orifice size 1s
greater than or equal to the calibration orifice size.

The above and other features will become apparent from

the following description and the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description of the drawing refers to the
accompanying figures in which:
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FIG. 1 illustrates an exemplary hydraulic circuit including
a pump, a valve, a hydraulic actuator and pressure sensors;
and

FIG. 2 illustrates an exemplary electrohydraulic valve
calibration method.

DETAILED DESCRIPTION

The area of the opening or orifice allowing fluid flow
through an electrohydraulic valve 1s controlled by a valve
current. An electrohydraulic valve has a current dependent
metering range between a cracking current, which slightly
opens the valve orifice, and a saturation current, which fully
opens the valve orifice. The valve current control charac-
teristic relating valve current to valve orifice size over the
metering range 1s generally well characterized. Even though
the supplier valve current control characteristic 1s usually
accurate 1n shape, 1t often needs to be oflset to account for
variances between valves, for example manufacturing varia-
tions, machining tolerances, etc.

The valve calibration system and method uses certain
conditions within the hydraulic system, for example, the
fluid pressure on both the upstream and downstream sides of
the valve being calibrated, and the fluid temperature. The
valve calibration system and method also utilizes the rela-
tionship between pressure and volume when tluid 1s com-
pressed 1n a stalled circuit, and the relationship between
pressure and flow over a known hydraulic orifice. The very
small orifice achieved by the cracking current i1s very
sensitive to manufacturing variations, machining tolerances,
fluid temperatures, flow forces and various other factors. A
somewhat greater valve orifice size and flow value for
calibration can be used for greater stability, consistency and
repeatability

FIG. 1 illustrates an exemplary hydraulic circuit 100
including a pump 110, a valve 120 and a hydraulic actuator
130. The valve 120 has an upstream side 122 closest to the
pump 110 and a downstream side 124 closest to the hydrau-
lic actuator 130. The pump 110 pumps tluid to the upstream
side 122 of the valve 120 and, when the valve 120 1s open
the fluid flows through the valve 120 to the hydraulic
actuator 130. A return path 1s also shown from the hydraulic
actuator 130 through the valve 120 to a sink. The hydraulic
circuit 100 also includes three pressure sensors 140, 142,
144. The first pressure sensor 140 monitors the fluid pressure
on the upstream side 122 of the valve 120. The second
pressure sensor 142 monitors the fluid pressure on the
downstream side 124 of the valve 120 in downstream fluid
path 152 that can be pressurized to retract the hydraulic
actuator 130. The third pressure sensor 144 monitors the
fluid pressure on the downstream side 124 of the valve 120
in downstream fluid path 154 that can be pressurized to
extend the hydraulic actuator 130 on the downstream side
124 of the valve 120.

The valve 120 can be calibrated independently for the two
fluid paths 152, 154 that it controls. The appropriate pressure
sensor 142, 144 corresponding to the fluid path 152, 154 that
1s being calibrated 1s used to monitor the fluid pressure on
the downstream side 124 of the valve 120. The first pressure
sensor 140 monitors the fluid pressure on the upstream side
122 of the valve 120 during calibration for either fluid path
152, 154. The following exemplary calibration procedure
will focus on calibration of the valve 120 for the flmd path
152 using the second pressure sensor 142 for monitoring
fluid pressure on the downstream side 124. The procedure
can also be carried out for calibration of the valve 120 for the
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flud path 154 using the third pressure sensor 144 for
monitoring fluid pressure on the downstream side 124.
When the fluid pressures on the upstream side 122 and the
downstream side 124 of the valve 120 (monitored by pres-
sure sensors 140 and 142, respectively) are known, then the
flow through the valve 120 can be calculated for a known

orifice size of the valve 120. Additionally, 1f the hydraulic
circuit on the downstream side 124 of the valve 120 1s stalled
(1.e., no path for fluid to flow, and no potential for volume
change), then the additional fluild volume transferred
through the valve 120 can be calculated using the following
fluid compressibility equation:

P Viiial
BulkModulus

(1)

Vadditional =

where P 1s the fluid pressure increase on the downstream
side 124 of the valve 120, V_ .. . 1s the 1nitial fluid volume
on the downstream side 124 of the valve 120, BulkModulus
1s a measure of the resistance of the fluid to compression,
and V__ .. . 1s the additional fluid volume transferred
through the valve. If observed over a period of time, this
fluid volume transier represents a tlow rate as:

(2)

Vadditionat P ) Vinitial
~ time BulkModulus

= ()

time

where Q 1s the mass flow through the valve 120.
Mass flow QQ can also be calculated using the following
orifice equation:

AP (3)

Q:CDm*\/z:g—
fe

where CD 1s the discharge coeflicient, A 1s the area of the
orifice through the valve 120, AP 1s the pressure diflerence
between the upstream and downstream sides of the valve
120, and p 1s the flmd density.

Setting mass tlow equations (2) and (3) equal and rear-
ranging terms provides:

AP (%)
bulkModulus+ CD + A« | 2% —

Je

Visitiat

which relates the tluid pressure increase on the downstream
side 124 of the valve 120 to the onfice area of the valve 120.
Thus, an orifice size for the valve 120 can be calculated by
monitoring the downstream pressure change. Finding a
cracking area of the valve 120 enables a determination of the
start of flow point if the rest of the valve characteristic 1s
understood.

FIG. 2 illustrates an exemplary electrohydraulic valve
calibration method 200 which will be described with refer-
ence to the exemplary hydraulic circuit of FIG. 1.

At block 202, calibration preconditions are set which can
include, for example, setting a desired performance mode,
engine speed, engaging a parking brake of a vehicle, check-
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ing hydraulic fluid temperature, etc. At block 204, the
hydraulic pressure 1s set to an initial pressure, for example

20,000 kilopascals (kPa).

At block 206, the hydraulic valve 120 1s opened and the
hydraulic actuator 130 1s stalled so that there 1s no path for
fluid to flow, and no potential for volume change on the

downstream side 124 of the valve 120. At block 208, the
hydraulic valve 120 1s opened and the pressure on both the
upstream side 122 and the downstream side 124 of the
hydraulic valve 120 are equalized at the 1mitial equalization
pressure. Depending on how long the operator holds the
lever to stall the hydraulic actuator 130, the pressure equal-
ization of block 208 can be accomplished 1 block 206,
cllectively combining blocks 206 and 208 to open the
hydraulic valve 120 long enough to stall the hydraulic
actuator 130 and equalize the pressures on the upstream and
downstream sides 122, 124 of the hydraulic valve 120.

At block 210, the valve 120 1s closed with substantially
the same equalization pressure on both the upstream side
122 and the downstream side 124 of the hydraulic valve 120.
At block 212, with the valve 120 closed, the pressure on the
upstream side 122 of the valve 120 1s raised to an increased
pressure, for example 30,000 kPa, creating a pressure dif-
terence between the upstream side 122 and the downstream
side 124 of the hydraulic valve 120.

Blocks 214-220 perform a coarse calibration to determine
a coarse estimate of the valve current that creates a calibra-
tion valve orifice area. At block 214, the valve current 1s set
to an 1nitial coarse current value, for example 250 milliamps
(mA). At block 216, the valve current 1s applied to the valve
for a coarse time duration, for example 500 milliseconds
(msec) and the change 1n pressure on the downstream side
124 of the valve 120 1s calculated. The pressure change can
be calculated as the difference in the pressure reading of the
pressure sensor 142 before and after applying the valve
current for the coarse time duration. At block 218, it 1s
determined whether the pressure change i1s less than a
pressure change threshold, for example 500 kPa. The pres-
sure change threshold 1s the pressure change associated with
the calibration valve orifice area using equation (4). It the
pressure change 1s less than the pressure change threshold,
then at block 220 the valve current i1s incremented by a
coarse current step, for example 10 mA, and the coarse
calibration continues back at block 216. If the pressure
change 1s greater than or equal to the pressure change
threshold, then the coarse calibration 1s complete and control
goes to block 226.

At block 226, the hydraulic valve 120 1s closed. Then at
block 228, the pump 110 1s activated to bring the pressure on
the upstream side 122 of the valve 120 back to the initial
fluid pressure. At block 230, the hydraulic valve 120 1is
opened and the pressures on both the upstream side 122 and
the downstream side 124 of the hydraulic valve 120 are
equalized at the initial equalization pressure. At block 232,
the valve 120 1s closed with substantially the same equal-
1zation pressure on both the upstream side 122 and the
downstream side 124 of the hydraulic valve 120. At block
234, with the valve 120 closed, the pressure on the upstream
side 122 of the valve 120 1s raised to the increased pressure
creating a pressure diflerence between the upstream side 122
and the downstream side 124 of the hydraulic valve 120.

In an alternative embodiment of the valve calibration
procedure, blocks 228-234 can be eliminated. In this alter-
native embodiment, the finer calibration procedure 1s started
at block 236 right after the coarse calibration 1s completed

at block 218.
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Blocks 236-242 perform a finer calibration to determine a
finer estimate of the valve current that creates the calibration
valve orifice area. At block 236, the valve current 1s set to an
initial fine current value. The 1nitial fine current value can be
a function of the final valve current determined in the coarse
calibration, for example the 1nitial fine current value can be
the final valve current determined in the coarse calibration
minus the coarse current step. At block 238, the valve
current 1s applied to the valve for a finer time duration and
the change 1n pressure on the downstream side 124 of the
valve 120 1s calculated. The finer time duration can be equal
to the coarse time duration. The pressure change can be
calculated as the diflerence in the pressure reading of the
pressure sensor 142 before and after applying the valve
current for the finer time duration. At block 240, it 1s
determined whether the pressure change 1s less than the
pressure change threshold. It the pressure change 1s less than
the pressure change threshold, then at block 242 the valve
current 1s imncremented by a finer current step, for example 1
mA, and the finer calibration continues back at block 238. If
the pressure change 1s greater than or equal to the pressure
change threshold, then the finer calibration 1s complete and
control goes to block 250.

At block 250, the wvalve current control characteristic
curve or table relating valve current to valve orifice size over
the metering range (between the cracking current and the
saturation current) 1s oilset by the diflerence between the
valve current in the supplier valve current control charac-
teristic for the calibration valve orifice area and the valve
current at the completion of the finer calibration for the
calibration valve orifice area.

The exemplary method of FIG. 2 illustrates two calibra-
tion procedures, a coarse calibration procedure followed by
a finer calibration procedure. The method could use any
number of calibration procedures. For example, one cali-
bration procedure can be performed at a desired calibration
resolution or step, or multiple calibration procedures can be
performed at finer and finer calibration resolutions or steps.

The calibration procedure does not usually stop at the first
detected pressure rise (see, for example blocks 216, 238)
which would be the cracking current for the valve. The
calibration procedure usually proceeds several steps into the
metering range of the valve to the calibration valve orifice
area that provides a calculated pressure rise on the down-
stream side of the valve given the time duration the valve
current 1s applied and the pressure difference between the
upstream and downstream sides of the valve. The pressure
rises on the downstream side of the valve after exceeding the
cracking current for the valve can be taken into account
when computing the pressure difference on the downstream
side of the valve over the time duration. The 1nitial current
value and the step duration can be selected to maintain a
pressure difference between the upstream side and the
downstream side of the electrohydraulic valve during the
entire calibration process through when the calculated step
orifice size 1s greater than or equal to the calibration orifice
S1Z€.

While the disclosure has been illustrated and described 1n
detail in the drawings and foregoing description, such 1llus-
tration and description 1s to be considered as exemplary and
not restrictive in character, 1t being understood that illustra-
tive embodiment(s) have been shown and described and that
all changes and modifications that come within the spirit of
the disclosure are desired to be protected. It will be noted
that alternative embodiments of the present disclosure may
not include all of the features described yet still benefit from
at least some of the advantages of such features. Those of
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ordinary skill in the art may readily devise their own
implementations that incorporate one or more of the features
of the present disclosure and fall within the spirit and scope
ol the present invention as defined by the appended claims.
I claim:
1. A calibration method for an electrohydraulic valve 1n an
clectrohydraulic system including a pump and a hydraulic
actuator, the electrohydraulic valve having an upstream side
between the pump and the electrohydraulic valve and a
downstream side on the opposite side of the electrohydraulic
valve from the pump between the hydraulic actuator and the
clectrohydraulic valve, a valve control current controlling an
orifice size through the electrohydraulic valve connecting
the upstream side with the downstream side, the calibration
method comprising:
opening the electrohydraulic valve;
stalling the hydraulic actuator to prevent volume changes
in the electrohydraulic system during calibration;

closing the electrohydraulic valve with the upstream and
downstream sides of the electrohydraulic valve sub-
stantially equalized at an equalization pressure;

increasing pressure on the upstream side of the electro-
hydraulic valve to an increased pressure using the
pump, the increased pressure being greater than the
equalization pressure on the downstream side of the
valve; and

finding a calibration valve control current that provides a

calibration orifice size through the electrohydraulic
valve by monitoring pressure on the downstream side
of the electrohydraulic valve.

2. The calibration method of claim 1, wherein finding a
calibration valve control current comprises:

initializing a step current to an 1mitial current value, the

clectrohydraulic valve being closed when the valve
control current equals the initial current value;

setting the valve control current for the electrohydraulic

valve to the step current for a step duration;

sensing pressure on the downstream side of the electro-

hydraulic valve after setting the valve control current to
the step current for the step duration;

calculating a step orifice size through the electrohydraulic

valve based on the sensed pressure on the downstream
side of the electrohydraulic valve; and

if the calculated step orifice size 1s less than the calibration

orifice size, increasing the step current by a current
increment and repeating the setting, sensing and cal-
culating steps for the increased step current;

if the calculated step orifice size 1s greater than or equal

to the calibration orifice size, using the step current as
the calibration valve control current.

3. The calibration method of claim 2, wherein calculating
a step orifice size based on the sensed pressure on the
downstream side of the electrohydraulic valve comprises:

determining a flow rate through the electrohydraulic valve

based on the difference i sensed pressure on the
downstream side of the electrohydraulic valve before
and after setting the valve control current to the step
current for the step duration; and

determining the step orifice size of the electrohydraulic

valve for the step current using the determined tlow rate
through the electrohydraulic valve and the compress-
ibility of the fluid 1n the electrohydraulic system.

4. The calibration method of claim 3, wherein the elec-
trohydraulic valve has a valve current control characteristic
relating the valve control current to the onfice size through
the electrohydraulic valve; and the calibration method fur-
ther comprising:
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calculating a table ofiset for the valve current control
characteristic based on the calibration valve control
current that provides the calibration orifice size.

5. The calibration method of claim 4, wherein calculating,

a table offset for the valve current control characteristic
COmprises:

using the valve current control characteristic to determine
a table current entry for the valve control current that
provides the calibration orifice size; and

computing the table offset as the diflerence between the
table current entry and the calibration valve control
current.

6. The calibration method of claim 4, wherein the cali-
bration orifice size 1s selected to reduce manufacturing
tolerance 1mpacts on the calibration method.

7. The calibration method of claim 3, wherein the flow
rate through the electrohydraulic valve 1s greater than zero
for at least one step current before increasing the step current
to the calibration valve control current.

8. The calibration method of claim 3, further comprising:

selecting the 1nitial current value and the step duration to
maintain a pressure difference between the upstream
side and the downstream side of the electrohydraulic
valve when the calculated step orifice size 1s greater
than or equal to the calibration orifice size.

9. The calibration method of claim 1, wherein finding a
calibration valve control current comprises:

performing a coarse calibration starting at an 1nitial coarse
current value and using a coarse current increment to
find a coarse control current estimate; and

performing a finer calibration starting at an initial finer
current value and using a finer current increment to find
the control current estimate; the 1mitial finer current
value being selected based on the coarse control current
estimate, and the finer current increment being less than
the coarse current increment.

10. The calibration method of claim 9, wherein the
clectrohydraulic valve 1s closed when the valve control
current equals the 1nitial coarse current value, and performs-
ing a coarse calibration comprises:

imtializing the valve control current to the initial coarse
current value;

applying the valve control current to the electrohydraulic
valve for a coarse step duration;

sensing pressure on the downstream side of the electro-
hydraulic valve after applying the valve control current
for the coarse step duration;

calculating a step orifice size through the electrohydraulic
valve based on the sensed pressure on the downstream
side of the electrohydraulic valve;

11 the calculated step orifice size 1s less than the calibration
orifice size, increasing the valve control current by the
coarse current increment and repeating the applying,
sensing and calculating steps of the coarse calibration
for the increased valve control current;

11 the calculated step orifice size 1s greater than or equal
to the calibration orifice size, setting the coarse control
current estimate to the valve control current; and

wherein performing a finer calibration comprises:
initializing the valve control current to the coarse

control current estimate minus a current offset;
applying the valve control current to the electrohydrau-
lic valve for a finer step duration;
sensing pressure on the downstream side of the elec-
trohydraulic valve after applying the valve control
current for the finer step duration;

"y
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calculating the step orifice size through the electrohy-
draulic valve based on the sensed pressure on the
downstream side of the electrohydraulic valve;

i the calculated step orifice size 1s less than the
calibration orifice size, increasing the valve control
current by the finer current increment and repeating,
the applying, sensing and calculating steps of the
finer calibration for the increased valve control cur-
rent;

if the calculated step orifice size 1s greater than or equal
to the calibration orifice size, setting the control
current estimate to the valve control current.

11. The calibration method of claim 10, wherein the
coarse current increment 1s at least double the finer current
increment.

12. The calibration method of claim 9, further comprising,
after performing the coarse current calibration and before
performing the finer current calibration:

equalizing pressures on the upstream side and the down-
stream side of the electrohydraulic valve at the equal-
1zation pressure;

closing the electrohydraulic valve with the upstream and
downstream sides of the electrohydraulic valve sub-
stantially equalized at the equalization pressure; and

increasing pressure on the upstream side of the electro-
hydraulic valve to the increased pressure using the
pump.

13. The calibration method of claim 1, wherein the pump

has an electronically controlled displacement.

14. An electrohydraulic valve calibration system compris-
ng:

an electrohydraulic valve having a variable size orifice,
the orifice size through the electrohydraulic valve being
controlled by a valve control current; the electrohy-
draulic valve has an upstream side on one side of the
clectrohydraulic valve and a downstream side on the
opposite side of the electrohydraulic valve; and fluid
flows through the vaniable size orifice between the
upstream side and the downstream side of the electro-
hydraulic valve;

a pump on the upstream side of the electrohydraulic
valve;

a hydraulic actuator on the downstream side of the
clectrohydraulic valve, where the pump pumps a fluid
from the upstream side through the electrohydraulic
valve to the downstream side;

an upstream pressure sensor for sensing an upstream fluid
pressure on the upstream side of the electrohydraulic
valve between the electrohydraulic valve and the pump;

a downstream pressure sensor for sensing a downstream
fluid pressure on the downstream side of the electro-
hydraulic valve between the electrohydraulic valve and

the hydraulic actuator; and
a controller;
wherein the controller opens the electrohydraulic valve,

stalls the hydraulic actuator and then closes the elec-
trohydraulic valve with the upstream and downstream
fluid pressures at an equalization pressure; the control-
ler then activates the pump to increase the upstream
fluid pressure to an increased pressure, and then finds
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a calibration valve control current that provides a
calibration orifice size through the electrohydraulic
valve by monitoring the downstream fluid pressure.

15. The electrohydraulic valve calibration system of claim
14, wherein the controller sequentially steps through a series
ol increasing valve control currents until the calibration
valve control current 1s determined; at each step 1n the series
ol increasing valve control currents, the controller receives
a signal from the downstream pressure sensor that indicates
the downstream fluid pressure and calculates a step orifice
s1ze through the electrohydraulic valve based on the sensed
downstream fluid pressure; and the controller determines the
calibration valve control current based on the valve control
current of the step where the calculated step orifice size 1s
greater than or equal to the calibration orifice size.

16. The electrohydraulic valve calibration system of claim
15, wherein the controller calculates a tflow rate through the
clectrohydraulic valve based on a change in the sensed
downstream fluid pressure before and after each step 1n the
series of increasing valve control currents, and calculates the
step orifice size using the calculated flow rate through the
clectrohydraulic valve and a compressibility of the fluid.

17. The electrohydraulic valve calibration system of claim
16, turther comprising a valve current control characteristic
for the electrohydraulic valve, the valve current control
characteristic relating the valve control current to the orifice
size through the electrohydraulic valve; and wherein the
controller calculates a current oilset for the valve current
control characteristic based on the calibration valve control
current and the calibration orifice size.

18. The electrohydraulic valve calibration system of claim
17, wherein the current offset i1s the difference between a
table current entry in the valve current control characteristic
for the valve control current that provides the calibration
orifice size and the calibration valve control current.

19. The electrohydraulic valve calibration system of claim
14, wherein the controller starts at an initial coarse valve
control current and sequentially steps through a series of
increasing valve control currents at a coarse current incre-
ment until a coarse valve control current estimate 1s deter-
mined, and then starts at an 1nitial finer valve control current
and sequentially steps through a series of increasing valve
control currents at a finer current increment until the cali-
bration valve control current estimate 1s determined, the
finer current increment being less than the coarse current
increment, and the mitial finer valve control current being
determined based on the coarse valve control current esti-
mafte;

wherein at each step in the series of increasing valve

control currents, the controller receives a signal from
the downstream pressure sensor that indicates the
downstream fluid pressure and calculates a step orifice
size through the electrohydraulic valve based on the
sensed downstream fluid pressure, and the controller
stops the sequential steps when the calculated step
orifice size 1s greater than or equal to the calibration
orifice size.

20. The calibration system of claim 14, wherein the pump
has an electronically controlled displacement.
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